Atmospheric deposition is an important pathway for air pollutants entering the environment. In order to better understand both dry and wet deposition of PCDD/Fs in ambient air, two cities -Guangzhou and Nanjing in Southern China, were investigated. 
INTRODUCTION
Increased vehicular traffic and other combustion processes have resulted in a significant increase in ambient particulate matter (PM) over the past two decades. Fine particulate matter (dp ≤ 2.5 µm, PM 2.5 ) has aroused widespread public concern, since it has been found to contain toxic compounds like PCDD/Fs, contribute to poor air quality, and have adverse effects on human health and global climate change (Laden et al., 2000; Chow et al., 2015) . Previous investigations have shown good correlations between PM 10 and total-PCDD/Fs mass concentrations (Wang et al., 2010; . Higher PM 2.5 and PCDD/Fs levels are contributed by anthropogenic rather than natural sources, with seasonal variations in these (Yu et al., 2013; Wang et al., 2015; Lu et al., 2016) . Ambient particulate matters can be removed from atmosphere by both dry and wet deposition (Cheruiyot et al., 2015 (Cheruiyot et al., , 2016 .
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) are well known as persistent organic pollutants (POPs), which are formed during any incomplete combustion processes (Bumb et al., 1980) . Human activities, including industrial and heat-treatment processes, such as municipal solid waste incinerators (MSWIs), medical waste incinerators, and hazardous waste incinerators (HWIs), are the major source of PCDD/F emissions to the atmosphere (Oh et al., 1999; Addink and Altwicker, 2001; Neuer-Etscheidt et al., 2006; Lin et al., 2014; Cheruiyot et al., 2016) , and also occur in natural combustion processes such as volcanic eruptions and forest fires (Prange et al., 2002; Kim et al., 2003; Prange et al., 2003) . There are 210 possible congeners of PCDD/Fs (75 PCDDs and 135 PCDFs), and of these 17 with chlorine atoms attached to the 2, 3, 7 and 8 positions have been shown to be more toxic, with highly adverse effects on human health. The major distribution pathway of PCDD/Fs is through air (Lohmann and Jones, 1998; Kao et al., 2006; Lee et al., 2009) , and they can remain in the environment for a long time and transport long distances (Lee et al, 2003; Zhang et al., 2009) , resulting in the widespread distribution of PCDD/Fs through the environment and accumulation in the soil, water or food (Lohmann and Jones, 1998; Hu et al., 2009) .
Previous studies have indicated that the factors of ambient temperature, humidity, vapor pressure and the chemical properties of compounds have important influences on the partition fractions between the gas and particulate phases (Lohmann et al., 1999; Chang et al., 2004; Lee et al., 2008; Wang et al., 2010; Lee et al., 2016) , and thus can cause significant differences in atmospheric deposition. For example, the gas-phase decreases as the chlorination level of PCDD/Fs increases, while a 10°C decrease in the ambient air temperature will cause a 20% increase of the PCDD/Fs bound to particulate phase (Chang et al., 2004) . The atmospheric deposition of PCDD/Fs can be divided into dry and wet deposition, respectively. The dry deposition is contributed by both gas and particle phases, while gas phase deposition includes absorption at the air-liquid or airsolid interfaces and depends significantly on the gas-particle partition (Oh et al., 2001) . Turbulent diffusion, sedimentation, inertial forces, electrical migration and diffusiophoresis are the major methods of dry deposition. However, wet deposition is the removal of atmospheric particles by precipitation such as rain, cloud droplets or snow (Lohmann and Jones, 1998) , and it is more relevant in regions with heavy rain seasons, higher precipitation rates and/or higher chlorinated homologues in the environmental sinks (Shih et al., 2006; Wang et al., 2010) .
As the largest developing country in the world, the air quality in China is much worse than the recommended standards set out by the World Health Organization (WHO), posing significant threats to human health. With its rapid economic development, quick industrialization and urbanization, the level of air pollution in China has attracted global attention (Xu et al., 2013) . Research shows that half of the MSWIs in China exceed the national standard of 1.0 ng I-TEQ Nm -3 for PCDD/Fs emissions (Tian and Ouyang, 2003) , and only two of the 14 domestically made medical waste incinerators are under the European Union standards of 0.1 ng I-TEQ Nm -3 in China (Gao et al., 2009) . The PCDD/Fs concentrations are in the range of 51.2-61.9 fg in the air near MSWIs in China (Meng et al., 2016) . Dry and wet deposition are effective and important mechanisms for the removal of atmospheric pollutants. Although some PCDD/F emission data and that on the deposition of atmospheric pollutants has been reported Guo et al., 2014; Wang et al., 2014; Chandra Suryani et al., 2015) , there is still lack of studies on the dry and wet deposition of PCDD/Fs in China. Therefore, this study aims to investigate the atmospheric deposition fluxes of PCDD/Fs in mainland China. The results from this study provide a means to further identify the environmental characteristics associated with the concentration and atmospheric deposition of PCDD/Fs in ambient air.
During 2014, this study examined the atmospheric dry, wet and total (dry + wet) deposition fluxes of PCDD/Fs in two typical cities (Nanjing and Guangzhou) in Southern China. In addition, for PCDD/Fs-WHO 2005 -TEQ, the dry deposition velocities of the particle phase and wet deposition scavenging ratios in two typical southern cities (Nanjing and Guangzhou) were studied. Furthermore, the monthly, seasonal and annual variations in PCDD/Fs depositions were compared and discussed.
METHODS

Sample Sites
The monthly mean concentrations and gas-particle distributions of ambient PCDD/Fs-WHO 2005 -TEQ from January 2014 to December 2014 in Southern China were obtained from Tang et al. (2017) . In this study, two typical cities were selected and evaluated, which are Nanjing in Jiangsu province, and Guangzhou in Guangdong province. The pertinent meteorological information, included monthly temperature and rainfall for these two areas in 2014, was obtained from local air quality monitoring stations.
Atmospheric Dry Deposition of PCDD/Fs
The atmospheric dry deposition flux of PCDD/Fs is a combination of both gas-and particle-phase fluxes, which are given by:
F d,T : the total PCDD/F deposition flux contributed by the summation of both gas-and particle-phase fluxes; F d , g : the PCDD/F deposition flux contributed by the gas phase; F d , p : the PCDD/F deposition flux contributed by the particle phase; C T : the measured concentration of total PCDD/Fs in the ambient air; V d,T : the dry deposition velocity of total PCDD/Fs; C g : the calculated concentration of PCDD/Fs in the gas phase; V d,g : the dry deposition velocity of the gas-phase PCDD/Fs; C p : the calculated concentration of PCDD/Fs in the particle phase; V d,p : the dry deposition velocity of the particle-phase PCDD/Fs. In this study, the mean dry deposition velocity of total PCDD/Fs (V d,T = 0.42 cm s -1 ) was proposed by Shih et al. (2006) . Dry deposition of gas-phase PCDD/Fs is mainly by diffusion, and due to the lack of measured data for PCDD/Fs, a selected value (0.010 cm s -1 ) for the gas-phase PAH dry deposition velocity, V d,g , as proposed by Sheu et al. (1996) and used by Lee et al. (1996) , is used in the current work to calculate the PCDD/F dry deposition flux contributed by its gas phase. Dry deposition of particle-phase PCDD/Fs is mainly achieved by gravitational settling, and the dry deposition velocity of particle-phase PCDD/Fs, V d,p , can be calculated by Eq. (1).
Scavenging Ratios
For a slightly soluble trace organic compound, such as PCDD/Fs, it is commonly believed that equilibrium partitioning occurs between the compound in the gas phase and that in a falling rain drop (Ligocki et al., 1985a, b) . The scavenging ratio is defined as the concentration of the pollutant in the raindrop divided by the concentration in the surrounding air during precipitation. The gas scavenging ratio, S g , can be estimated by: ). On the other hand, particle scavenging largely depends on meteorological factors and particle characteristics. The gas scavenging ratio is the ratio of the concentration of the dissolved phase in the raindrop divided by the concentration of the gas phase in the air, S g , and can be calculated by:
S g : the gas scavenging ratio of PCDD/Fs (dimensionless); C rain,dis : the dissolved-phase concentration of PCDD/Fs in the raindrop; C g : the concentration of PCDD/Fs in the gas phase.
The particle scavenging ratio is the ratio of the concentration of the particle phase in the raindrop divided by the concentration of the particle phase in the air, S p , which can be calculated by:
where S p : the particle scavenging ratio of PCDD/Fs (dimensionless); C rain,particle : the particle-phase concentration of PCDD/Fs in the raindrop; C p : the concentration of PCDD/Fs in the particle phase. The total scavenging of precipitation is the sum of gas and particle scavenging, S tot , which can be calculated by:
S tot : the total scavenging ratio of PCDD/Fs (dimensionless); Φ: the fraction of the total air concentration bound to particles.
Because of a lack of measured data for the particle scavenging ratios of PCDD/Fs, the S p (S p is 42,000), the values of OCDD and OCDF measured by Eitzer and Hites (1989) were averaged and used here.
Wet Deposition
Wet deposition is the removal of particles in the atmosphere by precipitation (rainfall and cloud droplets), and precipitation scavenging accounts for the majority of removing PCDD/Fs from the atmosphere by wet deposition (Huang, 2011b) . Wet deposition flux of PCDD/Fs is a combination of both vapor dissolution into rain and removal of suspended particulates by precipitation (Bidleman, 1988; Koester and Hites, 1992) .
The wet deposition fluxes of PCDD/Fs can be evaluated by:
F w,T : the wet deposition flux of PCDD/Fs from both vapor dissolution into rain and removal of suspended particulates by precipitation; F w,dis : the wet deposition flux contributed by vapor dissolution into rain; F w,p : the wet deposition flux contributed by removal of suspended particulates by precipitation; Rainfall: monthly rainfall (m).
RESULTS AND DISCUSSION
In this study, the monthly concentrations of total-PCDD/Fs-WHO 2005 -TEQ in the ambient air are derived from the particulate matter (PM 2.5 , PM 10 , TSP). The gasparticle phase distributions and the concentrations of total-PCDD/Fs-WHO 2005 -TEQ in the ambient air during 2014 in both cities, as reported in Tang et al. (2017) .
Dry Deposition
Based on deposition Eq. (1), the monthly dry deposition fluxes of total-PCDD/Fs-WHO 2005 -TEQ for both cities during 2014 are calculated and shown in Fig. 1 . C T was modeled and input into the Eq. (1), while C p and C g were calculated by gas/particle partitioning. Based on these parameters, F g ang F p were determined by the deposition velocity.
During 2014, in Guangzhou City, the monthly dry deposition fluxes of total-PCDD/Fs-WHO 2005 (Shih et al., 2006) . Because the PCDD/Fs are mainly in the particle-phase in the ambient air, our results demonstrated that the particle-bond deposition fluxes of PCDD/Fs (84.9%-95.9%) contributed far more than gas phase deposition fluxes to the total dry deposition fluxes, and that the monthly dry deposition fluxes of PCDD/Fs contributed by the gas and particle phases were 9.08-22.7 (lowest in August and highest in January) and 51.5-535 (lowest in August and highest in January) pg WHO 2005 -TEQ m -2 month -1
, respectively. The monthly average temperature in Guangzhou ranged from 13°C (January and February) to 28.9°C (July), and the annual average temperature was 21.7°C. As in previous studies (Sugita et al., 1994; Shih et al., 2006; Huang et al., 2011a) , the estimated monthly fluctuations of the dry deposition fluxes of PCDD/Fs suggest that these reached the highest level in the cold season (January) and the lowest in the warm season (August). -2 month -1 in spring, summer, fall and winter, respectively. These values were similar to those in Taiwan (Shih et al., 2006; Wu et al., 2009; Mi et al., 2012) . As in with Guangzhou, the total dry deposition fluxes of PCDD/Fs in Taiwan are mainly contributed by the particlebound deposition fluxes (87.1%-98.8%), and the value reach the highest level in January and the lowest in August. The monthly dry deposition fluxes of PCDD/Fs contributed by the gas phase and particle phase are 10. Table 1 .
The dry deposition velocity was determined by the ratio of total dry deposition fluxes and the PCDD/Fs concentrations in the atmosphere. In this study, the dry deposition velocity of total PCDD/Fs (V d,T ) and the dry deposition velocity of the gas-phase PCDD/Fs (V d,g ) were selected from previous studies Sheu et al., 1996; Shih et al., 2006) . Based on Eq. (1), the monthly dry deposition velocities of particle-phase V d,p in both focal cities during 2014 were measured and shown in Fig. 2 . The dry deposition velocity of particle-phase total-PCDD/Fs-WHO 2005 -TEQ (V d,p ) fluctuated with the temperature, and the velocity reached the highest levels in July (0.98 cm s -1 in Guangzhou) and August (0.8 cm s -1 in Nanjing), and lowest in January (0.49 cm s -1 in Guangzhou, 0.44 cm s -1 in Nanjing). These values are similar with to those found for the ambient air near MSWIs in Taiwan (Wu et al., 2009; Huang et al., 2011a) . This is probably due to the fact that in the hot season (for example, July) the mean size of particulate matter (PM) is much higher than that in the cold season (for example, January).
As the results show, in both cities the dry deposition fluxes of total-PCDD/Fs-WHO 2005 -TEQ were contributed mainly by the particle phase, and the total dry deposition fluxes was found to decrease as the temperature increased. It is probably due to the fact that during the hot season more PCDD/Fs were shifted to the gas phase and there was a higher deposition velocity of particle-phase PCDD/Fs (V d,p , with an average of 0.69 and 0.52 cm s -1 in Guangzhou and Nanjing, respectively), much greater than that of the gas-phase velocity (V d,g was 0.01 cm s -1 ).
Wet Deposition
The wet deposition fluxes of PCDD/Fs were a combination of both vapor dissolution into rain and the removal of suspended particulate matter by precipitation. Fig. 3 shows the monthly wet deposition flux of total-PCDD/Fs-WHO 2005 -TEQ in Guangzhou and Nanjing during 2014.
Based on Eqs. (2) and (3), the total PCDD/Fs in the rain's dissolved phase were in the range from 0.0047 to 0.01 pg WHO 2005 -TEQ L -1 in Guangzhou during 2014. In order to estimate the wet deposition fluxes of PCDD/Fs, information on rainfall during 2014 in both cities was obtained from local weather stations. The annual rainfall was 2234 mm in Guangzhou, being highest in May (542.9 mm) and August (513.1 mm). Based on the monthly rainfall and the total-PCDD/Fs-WHO 2005 -TEQ concentrations in the rain (dissolved and particle phases), the monthly wet deposition fluxes of Table 3 .
However, the total PCDD/Fs-TEQ in the rain's dissolved phase ranged between 0.003 to 0.018 pg total-PCDD/Fs-WHO 2005 -TEQ L -1 in Nanjing during 2014. The annual rainfall was 1091.1 mm in Nanjing, and was strongest in July (263.5 mm) and August (158.8 (Tseng et al., 2014) . The amount of precipitation in Nanjing was less than that in Guangzhou, but the amount of wet deposition was similar, thus demonstrating that wet deposition is not only affected by rainfall, but also by factors such as particulate matter concentration, temperature, and wind speed (Wang et al., 2010; Huang et al., 2011b) .
The scavenging ratios of total-PCDD/Fs-WHO 2005 -TEQ are presented in Fig. 5 . The total scavenging ratios (S tot ) increase with temperature in both cities (Bidleman, 1988; Mandalakis and Stephanou, 2004; Tseng et al., 2014) . In Guangzhou, the S tot of total-PCDD/Fs-WHO 2005 -TEQ ranged between 16350 to 34970, with an average of 24080. While in Nanjing, scavenging ratios (S tot ) of total-PCDD/Fs-WHO 2005 -TEQ ranged between 19960 to 39990, with an average of 30950 during 2014. This is because the annual average temperature in Nanjing (16.4°C) is lower than that in Guangzhou (21.7°C), and the fraction of total-PCDD/Fs-WHO 2005 -TEQ in the particle phase in Nanjing (75%) is higher than that in Guangzhou (59%) (Chandra Suryani et al., 2015) . Compared with previous studies, the scavenging ratios of total-PCDD/Fs-WHO 2005 -TEQ are similar to the typical ratio of semi-volatile organic compounds, which is between 10 4 and 10 5 (Eitzer and Hites, 1989; Tseng et al., 2014; Chandra Suryani et al., 2015) .
Total (Dry + Wet) Deposition
The monthly total (wet + dry) deposition fluxes of total-PCDD/Fs-WHO 2005 -TEQ are shown in Fig. 6 , respectively. While in Nanjing, the monthly total deposition fluxes of total-PCDD/Fs- between 50.6% (May) and 99.8% (January), with an average of 78.6% in Guangzhou. However, in Nanjing, the fraction of dry deposition fluxes ranged between 66.5% (July) and 98.6% (December), with an average of 82.4%. As the results show, the higher fraction contributed by dry deposition usually occurs in months with less rainfall, and vice versa. This suggests that the intensified rainfall may cause the low fraction of total-PCDD/Fs-WHO 2005 -TEQ contributed by dry deposition. The results also demonstrate that the contributions of dry deposition fluxes are much greater than those of wet deposition fluxes in both cities. The dry deposition fluxes are the major removal mechanism for the total-PCDD/Fs-WHO 2005 -TEQ in the ambient air. Therefore, the control of PM 2.5 emissions is of great importance in reducing the atmospheric deposition of total-PCDD/Fs-WHO 2005 -TEQ. The relevant previous studies published in Aerosol and Air Quality Research, which are cited in this study are listed in Table 5 for reference. TEQ increased with an increase in temperature in both cities, and the scavenging ratio in Guangzhou (average 30950) was higher than that in Nanjing (average 24080). This is because Nanjing City has a lower annual average temperature and a higher fraction of PCDD/Fs-WHO 2005 -TEQ in the particle phase than Guangzhou. 7. The total (dry + wet) deposition fluxes of total-PCDD/Fs-WHO 2005 -TEQ ranged from 97.7 to 559 and from 135 to 1250 pg WHO 2005 -TEQ m -2 month -1 in Guangzhou and Nanjing, respectively. 8. The fraction total (dry + wet) deposition fluxes of total-PCDD/Fs-WHO 2005 -TEQ contributed by dry deposition were 78.6% and 82.4% in Guangzhou and Nanjing, respectively. Dry deposition flux is thus the major mechanism for removal of PCDD/Fs from the atmosphere in both cities.
